Using cultured human umbilical vein endothelial cells, in which phosphatidylcholine (PC) is equally pulselabelled by various eicosanoid precursor fatty acids (EPFAs), we have studied the remodelling of EPFAs among the phospholipid classes and subclasses with and without activation, and the relationship of this remodelling process to the selective release of arachidonic acid (AA) by phospholipase A2-mediated cell stimulation. When endothelial cells are pulse-incubated with radiolabelled EPFA for 15 min, > 80 % of cellassociated radioactivity is present in phospholipids, among which > 60 %0 is found in 1,2-diacyl-sn-glycero-3-phosphocholine (diacyl PC). After removing unincorporated radioactivity, reincubation of the pulselabelled cells for up to 6 h results in progressive decrease in EPFA-labelled diacyl PC, increase in AA-or eicosapentaenoic acid (EPA)-labelled 1-O-alk-l-enyl-2-acyl-sn-glycero-3-phosphoethanolamine (plasmalogen PE) and increase only in AA-labelled 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholine (alkyl PC). This redistribution of radiolabelled phospholipids is not altered by the presence of excess non-radiolabelled EPFAs. When aspirin-treated EPFA-labelled endothelial cells are stimulated with ionophore A23 187, a very selective release of AA is noted in comparison with eicosatrienoate (ETA) or EPA, accompanied by an equivalent decrease in AA-labelled diacyl PC and specific increase in AA-labelled plasmalogen PE and alkyl PC. These selective changes in AA radioactivity induced by A23187 are enhanced 2-fold by pretreating the AA-labelled cells with phorbol 12-myristate 13-acetate, which by itself induces no changes. The changes in radioactivity induced by A23 187 without and with phorbol ester among the released AA, the diacyl PC and the plasmalogen PE are significantly correlated with each other. These results indicate that human endothelial cells incorporate EPFAs (AA, ETA, EPA) equally into diacyl PC but selectively release AA esterified into diacyl PC with specific remodelling into plasmalogen PE and alkyl PC.
INTRODUCTION
Arachidonic acid (AA) is metabolized into various biologically active eicosanoids via cyclo-oxygenase and lipoxygenase pathways [1] . In intact cells, a major determinant of eicosanoid synthesis is the availability of free AA, which is controlled by its esterification and deesterification into and from complex lipids such as glycerophospholipids [2] . Although it is known that AA is non-uniformly distributed among specific cellular phospholipids [3, 4] and is released selectively in response to physiological stimuli [2, 5] , the mechanisms for these processes are as yet incompletely understood.
Several schemes have been proposed to explain these processes. A specific arachidonoyl-CoA synthetase has been described in human platelets [6] . This enzyme could be responsible for the high-affinity esterification system of AA and other eicosanoid precursor fatty acids (EPFAs) into 1-radyl-2-lysoglycerophospholipids in various cells [7] [8] [9] . A CoA-independent transacylase which catalyses the transfer of AA from 1,2-diacyl-snglycero-3-phosphocholine (diacyl PC) to ether-linked glycerophospholipids such as 1-O-alk-l-enyl-2-acyl-snglycero-3-phosphoethanolamine (plasmalogen PE) and 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholine (alkyl PC) has been reported in human platelets [10, 11] and rabbit macrophages [12, 13] . This enzyme may play an important role in the redistribution of AA to the ether-linked glycerophospholipids which are known to be enriched in AA [14] [15] [16] . Ether-lipid-selective phospholipases which have been reported in sheep platelets [17] might cleave the sn-2 position of AA-enriched ether phospholipids and selectively release AA in response to physiological stimuli. The hydrolysis of phosphatidylcholine (PC) by phospholipase A2 is responsible for the majority of released AA after physiological stimuli in most cell types Abbreviations used: AA, arachidonic acid; EPFA, eicosanoid precursor fatty acid; diacyl PC, 1,2-diacyl-sn-glycero-3-phosphocholine; plasmalogen PE, 1-O-alk-l-enyl-2-acyl-sn-glycero-3-phosphoethanolamine; alkyl PC, l-O-alkyl-2-acyl-sn-glycero-3-phosphocholine; PAF, plateletactivating factor; diacyl PE, 1,2-diacyl-sn-glycero-3-phosphoethanolamine; HEC, human endothelial cells; PBS, phosphate-buffered saline; EPA, eicosapentaenoic acid (w -3); ETA, eicosatrienoic acid (C)-6); PMA, phorbol 12-myristate 13-acetate; alkyl PE, 1-O-alkyl-2-acyl-sn-glycero-3-phosphoethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; NL studied [18] [19] [20] . However, the relationship between the selective release of AA by phospholipase A2 and the specific remodelling of AA from PC into ether-linked phospholipids has not been previously examined in detail. Endothelial cells have been known to produce important biologically active phospholipid-derived mediators, including prostacyclin, a potent vasodilator and inhibitor of platelet activation [21, 22] , and plateletactivating factor (PAF) [23, 24] . We have recently described the pulse-labelling of cultured human endothelial cells (HEC) with EPFAs via a high affinity esterification system [9] . [9] . HEC monolayers were washed once, and 2 ml of the same medium or 2 ml of Dulbecco's phosphate-buffered saline (PBS) including 1 mg of fatty acid-free bovine albumin/ml were added.
Incubation of labelled endothelial cells with or without activation
The washed monolayers of radiolabelled HEC were incubated for up to 6 h at 37°C in an atmosphere of air/ CO2 (19:1). In the experiments with stimulants, monolayers of aspirin-pretreated and radiolabelled HEC in 2 ml of PBS plus albumin were used. Pretreatment of HEC with 50 ,M-ETYA, an inhibitor of both cyclooxygenase and lipoxygenase, yielded the same results as the experiments reported using aspirin. The various agents were added directly to the monolayers. At each time point, the medium was removed and the monolayers were washed once with 2 ml of PBS plus albumin. Radioactivity in both the medium and washing solution was counted. Lipid extractions of HEC were performed as described previously [9] .
Lipid analysis
Phospholipid classes were resolved by t.l.c. or h.p.l.c. as described previously [9] . Subclasses of PC and phosphatidylethanolamine (PE) were resolved by t.l.c. after derivatization to 1,2-diradyl-3-benzoylglycerols and quantified using the method of Blank et al. [27] . Purified PC and PE were gently shaken with 30 units of phospholipase C in 1 ml of 0.1 M-Tris/HCl (pH 7.2) and 3 ml of diethyl ether for 3 h at room temperature. After evaporation of the diethyl ether with a stream of N2, the diradylglycerols were extracted as described previously [9] , dried under N2 and benzoylated immediately by adding 10 mg ofbenzoic acid and 4 mg ofdimethylaminopyridine in 0.3 ml of benzene and incubating under N2 at room temperature for 60 min with gentle shaking. The samples were placed in an ice bath and 2 ml of 0.2 MNaOH was added with shaking at 4 'C. The diradylglycerobenzoates were extracted three times with hexane. The three subclasses (1-alkyl, 1-alkenyl and 1-acyl) of diradylglycerobenzoates were separated by t.l.c. on precoated LK6F plates (Whatman). After development in a solvent system of benzene/hexane/diethyl ether (50:45:4, by vol.) the three lipid subclasses were visualized by u.v. light, iodine vapour or autoradiography, and then scraped. The benzoates were identified by comparison with standards and were well separated with relative RF values of approx. 0.74, approx. 0.65 and approx. 0.48 for the alk-1 -enylacyl, alkylacyl, and diacyl subclasses, respectively.
The relative amounts of diacyl, alkylacyl, and alk-lenylacyl subclasses which were measured by molar absorbance at 230 nm [27] were 87.5 + 3.1 (mean + S.D., n = 3), 4.9 + 0.5, and 7.5 + 1.6 mol % for PC, whereas the PE consisted of 50.9 + 2.3, 5.1±+ 0.5, and 43.9 + 3.2 mol 00, respectively. These values are compatible with the data reported by Blank et al. [28] .
Protein measurement Protein was assayed using the method of Lowry et al. [29] .
Statistical analysis
Data were analysed using Student's t test and the 428 Phospholipid turnover in endothelial cells correlation coefficient r. Linear regression was plotted by the method of least squares.
RESULTS
Distribution of radiolabelled eicosanoid precursor fatty acids in neutral lipids and phospholipids after pulselabelling of human endothelial cells Monolayers of cultured HEC were pulse-labelled with EPFAs, washed, and then incubated for up to 6 h. The distribution of radioactivity at various times of reincubation was analysed as described in the Experimental procedures section (Table 1) . After washing (time 0), only 24 %0 of the total cell-associated radioactivity is represented by free EPFA. The distribution pattern of radioactivity in each lipid fraction is essentially the same for each of the three EPFAs during 6 h of reincubation following pulse-labelling. Approx. 10 15 o% of the total radioactivity is present in the neutral lipid (NL) fraction and this remains constant for up to 6 h. More than 70 0 of total radioactivity is present in the phospholipid fraction at time 0. This radioactivity in the phospholipid fraction decreases significantly, while the radioactivity in the free fatty acid (FFA) fraction of the medium increases significantly over 6 h after reincubation of pulse-labelled HEC. The sum of the radioactivities in the phospholipid fraction and the FFA fraction of the media remains unchanged during the 6 h of reincubation. This indicates that there is a spontaneous and significant (P < 0.01) release of free EPFAs into the media from phospholipid pools over the 6 h period of reincubation. Redistribution of radiolabelled eicosanoid precursor fatty acids in glycerophospholipid classes of human endothelial cells Since there is a significant decrease of radioactivity of total glycerophospholipids labelled by EPFA, the distribution of radiolabelled glycerophospholipid classes was analysed under the same experimental conditions. As shown in Fig. 1 , each EPFA-labelled glycerophospholipid shows a different pattern of redistribution during the 6 h of reincubation following pulse-labelling. In the cases of AA and eicosapentaenoic acid (w -3) (EPA), there is a progressive decrease in PC radioactivity with a concomitant increase in PE radioactivity. The radiolabelled EPA-esterified PE increases more than does the AA-labelled PE. In contrast, although eicosatrienoic acid (wc-6) (ETA)-labelled PC decreases progressively to the same extent as does AA-or EPAlabelled PC, ETA-labelled PE does not increase and actually decreases slightly. The amount of radiolabelled phosphatidylserine (PS) is much smaller than that of the other glycerophospholipids and does not change significantly over 6 h. Radiolabelled phosphatidylinositol (PI) decreases very slightly. The extent of decrease in radiolabelled PI is much less than that of the decrease in radiolabelled PC and the increase of AA-or EPAlabelled PE.
To examine whether this redistribution of radiolabelled glycerophospholipids, particularly the increases of AA- Fig. 1 , the PC and PE fractions were further resolved into subclasses after conversion into diradylglycerobenzoates. As shown in Fig. 2 , more than 950 of the total PC radioactivity is initially present in diacyl PC following pulse-labelling with each of the three EPFAs. Over the 6 h reincubation period, there is a significant (P < 0. than that of EPFA-labelled diacyl PC at time 0, increased about 2-fold and became the highest among those of any of the radiolabelled PC subclasses during 1 h of reincubation. This high relative specific radioactivity of AA-labelled alkyl PC was maintained over 6 h of reincubation. In contrast, none of the other EPFAlabelled PC subclasses continued to demonstrate increased specific radioactivity over 6 h of reincubation (results not shown). The radiolabelled PE subclasses show different patterns of change from the PC subclasses (Fig. 3) . Initially > 750 of the total PE radioactivity is present in diacyl PE. As opposed to radiolabelled diacyl PC, diacyl PE (Fig. 4) (Fig. 5) . The major component contributing to the decrease in the radioactivity of PC is the hydrolysis of diacyl PC. There is no apparent decrease in the plasmalogen PC and a slight increase in the level of alkyl PC. The changes in radioactivity stimulated by ionophore A23187 alone are enhanced by pretreatment with PMA. The increase in the radioactivity of total PE which is described in Fig. 4 
DISCUSSION
This report describes the results of studies designed to compare the EPFA-specific remodelling of phospholipid pools of cultured vascular endothelial cells with and without stimulation. The salient new findings are as follows. First, a selective remodelling system is operative among EPFAs between PC and PE and specifically from diacyl to ether-linked glycerophospholipid subclasses. Second, this EPFA-selective remodelling system occurs both in resting cells as well as in activated cells. Third, AA is selectively released upon stimulation by calcium ionophore from diacyl PC pools equally radiolabelled with various EPFAs. The pretreatment of endothelial cells with the protein kinase C activator PMA enhances not only the selective release of AA from diacyl PC but also the specific increase in AA labelling of alkyl PC and plasmalogen PE following stimulation with calcium ionophore. Finally, a close relationship can be established between the amount and selectivity of the released EPFAs from diacyl PC and the increase of radiolabelled EPFAs esterified into plasmalogen PE following stimulation with calcium ionophore both with and without PMA pretreatment.
The remodelling or transesterification of AA into PE and alkyl PC without cell activation has been previously reported in lymphocytes [30] , macrophages [30] , neutrophils [15] , and also endothelial cells [16, 31] . [32] . Although specificity ofremodelling for AA in comparison with other fatty acids has been suggested in studies of crude enzyme preparations obtained from platelets [10, 33] and macrophages [12, 13] [34, 35] . The lack of remodelling of ETA may be related to the absence of one double bond.
Since the biological functions of this highly selective remodelling system are not clear, it was of great interest to compare the remodelling of EPFAs among phospholipid subclasses in resting and activated cells. We activated the endothelial cells with the ionophore A23187 in order to stimulate phospholipase A2 rather than phospholipase C [18, [37] [38] [39] , and followed the hydrolysis of PC. It has been found in human platelets that the phorbol ester PMA, which activates protein kinase C, potentiates the ionophore A2 1387-induced phospholipase A2-mediated release of AA, which is derived mainly from PC; PMA alone was found to be incapable of stimulating the release of AA [39] . Our results in HEC are consistent with these findings and extend the analysis to the specific phospholipid subclasses that are radiolabelled by the different EPFAs. It is notable that the specific increase in AA labelling of plasmalogen PE and alkyl PC and its enhancement by PMA pretreatment occurred with a concomitant decrease in labelled diacyl PC only when AA was released.
The increase in AA labelling of alkyl PC and plasmalogen PE during reincubation or upon activation of endothelial cells may occur by several mechanisms. First, trace amounts of free AA may be reacylated by the combined actions of acyl-CoA synthetase and acyltransferase [2, 12, 43] . Another mechanism would involve the action of either CoA-dependent or CoA-independent transacylases [10] [11] [12] [13] 30] . We and others have previously shown [9, 36] that, during short-term radiolabelling, free EPFAs are mostly incorporated into PC, and AA is preferentially incorporated into PI, while PE is less readily labelled. We have also shown in the present study that the remodelling of EPFAs during reincubation is not significantly affected by the presence of an excess of non-radioactive EPFAs exogenously added to the media. For these reasons, a transacylase system may be the major mechanism responsible for the appearance of labelled AA in ether-linked glycerophospholipids [2, 43] , although we cannot exclude that deacylation-reacylation may also be operative. We have found that not only radiolabelled plasmalogen PE but also radiolabelled diacyl PE are increased during reincubation ofunactivated endothelial cells following pulse-labelling with AA or EPA, a finding similar to that previously reported [16] . These results suggest that the remodelling processes of EPFAs in resting cells may involve more complex mechanisms than those in activated cells.
It has not been our intent to elucidate the general mechanism of AA release from various membrane phospholipids, since we recognize that problems with interpretation are likely to arise from data obtained by prelabelling with radioactive AA, which is known to be heterogeneously incorporated into the individual molecular species of the various phospholipid classes [40, 41] . However, our study design does make it possible 432 Phospholipid turnover in endothelial cells to elucidate a mechanism whereby radioactive AA is selectively released from diacyl PC, since >60 % of the total radioactivity in phospholipids was present in diacyl PC, there were no significant differences between the amounts of diacyl PC radiolabelled with AA, ETA and EPA, and a selective release of radioactive AA was noted with a concomitant and equivalent decrease in AAlabelled diacyl PC. Others have previously proposed that the liberation of AA from plasmalogen PE as well as the transfer of AA from PC to plasmalogen PE may be promoted upon cell activation as a result of phospholipase A2 and transacylase acting in concert [10, 42] . Another hypothesis has been proposed that alkyl PC might serve as a precursor for both phospholipase A2 to release AA selectively, which is transacylated from diacyl PC, and also for PAF production [15] . It has been recently reported that a phospholipase A2 inhibitory protein phosphorylated by the action of protein kinase C loses its anti-phospholipase A2 activity [44] . Thus a proposed mechanism for protein kinase C-stimulated cell activation is through its inhibitory action on an endogeneous regulator of phospholipase A2, thereby promoting the mobilization of AA. Our data presented here are consistent with these previous hypotheses to explain the selective release of AA from diacyl PC, supporting the model that AA may be selectively released through an AA-specific transesterification system from diacyl PC to plasmalogen PE and alkyl PC, which is then acted upon by an ether-lipid-specific phospholipase A2 [17] . In fact, it has been recently reported that both phospholipase A2-like activity and protein kinase C activity appear to be responsible for the mobilization of AA and lyso PAF from alkyl PC [45] . It has also been demonstrated that porcine aortic endothelial cells release AA from plasmalogen PE with a concomitant decrease of diacyl PC [46] . Although we observed the selective release of radioactive AA from diacyl PC, our findings cannot exclude the possibility of release of EPA and ETA from membrane phospholipids upon cell activation. Since the amount of AA in the phospholipids of HEC is much greater than that of EPA and ETA [28] Association.
